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INTRODUCTION 
hany experiments have been conducted during the past few 
decades to investigate the effect of row spacing and plant 
population on the yield of row crops. Dungan e_t al. ( 14) sum­
marized many of these row spacings investigations and found the 
results were inconclusive, great variation being encountered 
from year to year and from location to location depending upon 
environmental and climatic conditions. Ricky (33) has also 
summarized earlier studies on plant population and concluded 
that the optimum stand of corn is heavier as one proceeds from 
genetically larger to smaller plants, from low to higher mois­
ture supply and from low to high soil productivity. 
The main effect of spacing on yield is believed largely 
due to a change in the light distribution. The effect of popu­
lation on yield is also partly due to a change in the light 
distribution. With closer and more uniform spacing of plants 
more light is intercepted by the plants end less falls on the 
soil surface to cause evaporation. Higher plant population 
may also have the same effect on light interception. There 
may also be effects on plant nutrients, plant diseases and 
COc movement. & 
Few studies involving row direction have been reported 
in the past years. Row direction may be important in some 
areas, and needs to be considered. Few experiments in the 
past have dealt with the measurement of net radiation inter­
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ception and water use in relation to the plant spacing. Ko s t 
work in the past has been confined primarily with the final 
yield in relation to the plant population and plant spacing. 
Important factors that affect the final yields such as net 
radiation distribution and water use by the plant were neg­
lected. Tanner _et al. (40) have measured the radiation 
exchange in a corn field and the energy available for evapora­
tion, but did not report the effect of radiation on spacing, 
population and final yield. 
The purpose of these experiments was to measure net radi­
ation interception and water use by corn under different plant 
populations, planting patterns and row directions. Final 
yields were analyzed in order to obtain information on the 
possibilities of increasing the efficiency of light and water 
utilization. 
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UTERATURE REVIEW 
Row Pattern 
Many experiments have been conducted during the past few 
decades to investigate the effect of row spacings on the yields 
of a row crop. William and Welton (42) were among the pioneer 
workers. In 1916, they reported in Ohio that with the same 
number of plants per acre, a gain of 4.5 bushels per acre was 
obtained by planting one plant every 12 inches as compared 
with three plants every 36 inches. Cunningham (9) reported 
that tests conducted in Western Kansas from 1910 to 1913 indi­
cated that under severe conditions of drought, advantages 
might result from growing corn in rows 7 feet apart rather 
than in rows spaced at the ordinary distance of 3.5 feet. In 
1923, Zook and Burr (43) reported that in Nebraska, corn 
planted in rows 3.5 feet apart with one stalk every 24 inches 
has given higher yields than any other spacing tried. Collins 
and Shed (8) conducted a spacing experiment over seven years. 
In 1933, checked corn planted in 21- and 42-inch rows was 
grown and resulted in a 21 per cent yield advantage for the 
21-inch spacing. In 1934 a 30-inch two kernel spacing was 
added to try to get the same yield advantage with less incon­
venience. Extreme drought caused a low yield, and the 21-inch 
checked plots gave the lowest yields. In 193 5 the 21-inch 
checked plots gave a 26 per cent Increase in yield over the 
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42-inch. The 30-inch spacing had less than half the increase 
of the 21-inch spacing. In 1936, another drought year, the 
differences were smaller, but in the same order. In 1937 two 
more spacings were added, a 30 x 15-inch single kernel and 
42 x 10.5-inch two kernel spacing. The 21-inch spacing gave 
the best yield but the 30 x 30-inch was very close. In 1938 
a 42 x 21-inch two kernel spacing was added to the experiment 
and gave next to the highest yield. In 1939 the 21-inch and 
30-inch spacing were all high and all 42-inch spacings low. 
They concluded that higher yield of. corn may be expected with 
closer row spacings, the optimum being single plants, evenly 
spaced with a planting rate suitable for the condition en­
countered. In 1940, Bryan et al. (5) conducted a spacing 
experiment in Iowa with corn, and found that in two out of 
four years the yield from 21 x 21-inch spacing exceeded the 
42 x 42-inch spacing by a significant amount. The yield dif­
ference for the four year average of the 21 x 21-inch spacing 
exceeded that of the 42 x 42-inch spacing by 3.1 bushels, which 
was a nonsignificant increase, however. 
Dungan (13), in a seven year test of corn grown in single 
plant hills versus the same population in multiple plant hills, 
showed that yields of plants in single plant hills were sig­
nificantly superior on productive soil in seasons with a well 
distributed and plentiful, though not excessive, rainfall; 
the greatest advantage of single plant hills was obtained at 
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relatively high plant population rates. 
Dungan et al. (14) summarized all of those row spacing 
investigations and found that the results were inconclusive 
with great variation being encountered from year to yeer and 
from location to location depending upon environmental and 
climatic conditions. 
Plant Population 
Much work has been done on corn seeding rate in the past. 
As early as 1885, Latta (28) reported that denser plantings 
gave higher yields. Roberts and Kinney (34), in 1912, reported 
in their Kentucky experiment that on rich soil, in a normal 
season, relatively thick planting gave the highest yields. 
In dry seasons, thin planting gave the best results. On 
poor land the best yields were secured from rather thin plant­
ings. Planting more than three stalks to the hill sometimes 
resulted in higher yields, but the corn was liable to lodge 
and the quality of the corn was not good. A few years later, 
Willaim and Welton (42) reported that with hills 42 inches 
apart each way, the maximum yield of shelled corn, as a 10-
year average, was secured from four plants per hill or a plant 
population of 14,220 plants per acre• In 1923, Zook and Burr 
(43) reported in Nebraska that for a 6-year average with four 
methods of planting, a population of 6,600 plants per acre 
yielded more than a population of 3,300 plants per acre. 
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Later, Rounds et al. (35) reported in Michigan on the effects 
of rate of planting on yield, ear weight, maturity and stalk 
lodging from 13 experiments conducted at six locations during 
the 4-year period from 1947 to 1950. They concluded that the 
average yield Increased 25 per cent for all tests in 1949 and 
1950 when the planting rate was raised from two to three 
plants per hill or the equivalent number of plants drilled in 
the row. Doubling the rate of planting from two to four 
plants per hill or the equivalent in drilled rows, Increased 
the yield 39 per cent. Kohnke and Miles (26) reported that 
under conditions of high soil fertility in north central 
Indiana, the highest corn yields were obtained with planting 
rates between 15,000 and 19,000 kernels per acre. Drilled 
corn yielded about 8 bushels more per acre than hilled corn. 
Corn uniformly spaced in both directions (equidistant plant­
ing) gave about 6 bushels more yield than hilled corn. 
Mooers (31), after an extensive testing of southern open-
pollinated varlties under varying condition of soil and 
season, established simple formulae for estimating optimum 
stands. For land producing on the average more than 64 
bushels per acre 
N = 56Y/F + (Y - 64) x .0014 (l) 
and for land producing on the average less than 64 bushels 
per acre 
N = 56Y/F - (64 - Y) x .0014 (2) 
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where N = number of plants per acre 
Y = yield in bushels (productivity of the land) 
F = average weight in pounds of grain per plant 
56 = standard weight of a bushel of corn. 
Stringfield and Thatcher (39) reported on an extensive 
corn stand and pattern experiment in Ohio. Hybrid corn was 
compared to open pollinated varieties; attention was given to 
various soil fertility levels and to the weather in the dif­
ferent years. They concluded that the effect of stand on 
grain yield was much greater at high than at low productivity 
levels. More recently, Stickler and Laude (38) conducted an 
experiment in eastern Kansas and reported that grain and 
stover yields were not influenced by the plant population or 
row spacings employed. 
How Orientation 
Few experiments have been conducted during the past years 
on the effect of row direction on light and yield. Pendleton 
and Dungan (32) reported in 1950 on an experiment on row 
direction of spring oats. They found that oats drilled in a 
north-south direction yielded more than those seeded in an 
east-west direction. The difference in favor of north-south 
rows was significant in 4 of 7 years and showed an advantage 
for north-south rows in the other 3 years. Dungan pointed 
out that in north latitudes the lower blades on the north side 
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of plants In east-west rows never get full sunlight In the 
middle of the day. In north-south rows all blades on the east 
side of plants get full sunlight in the forenoon and all of 
those on the west side get full sunlight in the early after­
noon. Data obtained on the amount of reflected light between 
oats rows showed a difference due to row direction. Light 
measurements showed that north-south rows admitted more light 
during the middle of the day, but less in the early morning 
and late afternoon than the east-west rows. 
The only prior research found on corn was reported in 
India by Dungan et al. (15), and reported further by Pendleton 
and Dungan (-32). In this experiment, corn plants in rows 2 
feet apart yielded a significantly higher amount of forage and 
grain when planted in a north-south direction than when 
planted in an east-west direction. Larson and Willis (.27) 
in 1956 conducted an experiment on the effect of width of 
spacing and direction of corn rows on light Intensity at the 
soil surface, soil temperature and moisture conditions. These 
observations were related to the establishment of a forage 
crop in corn. They reported that in several of these experi­
ments an alfalfa-red clover crop failed to become established 
or was severely limited in growth on the south side of corn 
rows planted in an east-west direction, whereas satisfactory 
stands and growth were present on the north side of the corn. 
Satisfactory growth appeared to coincide with the area that 
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was shaded from the sun. Stands were more uniform between 
rows running north-south than between east-west rows. Their 
measurements showed light intensity at the ground surface was 
near that of full sunlight during most of the day in the band 
about 20 inches wide on the south side of 80-inch spaced rows 
planted in an east-west direction. There was some shading 
at other locations with least intense radiation on the north 
side of the rows. In 80-inch spaced north-south rows, light 
intensity was highest on the east side of the rows in the 
morning and on the west side of the rows in the afternoon. 
Krietemeyer (26) reported from Ohio in 1955 that in a season 
with plentiful rainfall, forage stands interplanted in corn 
were better in east-west rows. He found a band of poor growth 
immediately east of the north-south planted rows which in his 
experiment corresponded to the area receiving the most shade. 
The disagreement between Larson and Krietemeyer's results 
might have been due to the existing soil moisture conditions. 
Light is most beneficial to the photo synthetic process when 
the supply of moisture is ample. Sunlight increases evapora­
tion (in an unshaded area) and in a dry period its harmful 
effect of causing water loss from the soil might more than 
offset its benefits to photosynthesis. 
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Water Use by Plants 
In 1910 and 1911 Brlggs and Shantz (3) grew plants in 
large galvanized iron pots in order to measure their water 
use. At the same time, Klesselbach and Montgomery (24) in 
Lincoln, Nebraska conducted the same type of experiments in 
potometers. These works are now considered classics, in the 
field of water requirement of plants. In 1913, Brlggs and 
Shantz (4) presented a literature review on the water require­
ment of plants. They cited that research in this field had 
been started as early as 1865 by Il'enkov who grew buckwheat 
in pots. According to Brlggs and Shantz the first investiga­
tion on the effect of the soil moisture content on the water 
requirement of corn was not started until 1909. Klesselbach 
(23) also reviewed the past work on water use by various 
plants, dating from 1699 to 1916. Davis (10) compiled a sum­
mary of research on évapotranspiration in this country and 
in a number of foreign countries up to 1956. In recent years, 
many experiments have been conducted on the water use by corn 
using many different methods of measurement. Russell and 
Danlelson (36) in 1956 reported on research conducted in 
Illinois from 19 53 and 1954 on the time and depth pattern of 
water use by corn. Gravimetric soil moisture samples were 
used to measure the soil moisture. They found that on a deep 
permeable well-drained soil, corn was able to utilize water 
to a depth of 5 feet or more, but most of the water was 
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extracted from the shallower depths. The total water dis­
appearance under three widely different moisture treatments 
was proportional to the corn yield. When sufficient soil 
moisture was present the rate of water disappearance from 
corn plots substantially exceeded the open-pan evaporation 
rate during the period of rapid corn development. Letey and 
Peters (29) in 1957 studied the influence of soil moisture 
level and seasonal weather on efficiency of water use by corn. 
Three soil moisture levels were established: a) covered plot 
(polyethylene plastic), receiving no additional rainfall, 
b) natural subplots receiving rainfall occurring during the 
growing season and c) an irrigation subplot receiving 4 Inches 
of water by irrigation. Soil samples for moisture determina­
tions were taken with an auger at 6-inch intervals to a depth 
of 5 feet at approximately 2-week intervals. Their results 
showed that the subsoil moisture reserve at the beginning of 
the season was important; the maintenance of a moisture level 
well above 15 atmosphere was desirable for a deep rooted crop 
only when weather conditions promoted a serious depletion of 
water in the upper 2 feet of the soil. Drelbelbis and 
Harrold (12) in 1958 reported on the water use efficiency of 
corn, wheat and meadow crops. Weighing monolith lysimeters 
were used for evaluating évapotranspiration or consumptive 
use of water in this experiment. Results from this study 
indicated that the maximum water use efficiency for corn and 
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wheat grown without Irrigation was not coincident with either 
the highest or lowest amounts of rainfall. The maximum effi­
ciency for unirrigated corn was obtained with 15 inches of 
rainfall. Irrigation of corn in 1953 and meadow in 1955 re­
sulted in a higher water use efficiency for these crops than 
In any of the years when the crops were grown without irriga­
tion. Harrold et al. (21) in 1959 reported on an experiment 
conducted to evaluate the relative water losses by evaporation 
and transpiration in field corn. Plastic cover was used to 
prevent water loss by evaporation and rainfall from entering 
the soil. Three lysimeters were used in this experiment. 
One lysimeter was used to determine the magnitude of trans­
piration amounts. After the plastic cover was installed no 
water was added to the soil. On another lysimeter, infiltra­
tion water was added beneath the plastic cover after each 
storm in an amount equal to that which was absorbed by the 
third lysimeter which was uncovered. A water use efficiency 
of 676 pounds of dry matter per inch of water use was obtained 
under natural field corn conditions. When the plastic cover 
was used to stop evaporation for part of the growing season, 
904 pounds of dry matter were produced per inch of water used. 
In the first case, water use was 22.9 inches for the period. 
This would correspond to about 19.13 inches on the covered 
weighing lysimeter as estimated from the basic relationship 
between data from the two lysimeters. In 1959 Shaw (37) 
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reported on an experiment where the water loss was measured 
from a fully grown corn crop by means of a neutron soil mois­
ture meter. Water loss was measured from corn plots with no 
ground cover and those with a plastic ground cover. Soil 
moisture loss from the plastic covered plot averaged 46$ of 
the total water loss from an uncovered plot. When intercepted 
water as well as soil moisture loss was considered as water 
loss, the ratio of this water loss to that from an uncovered 
plot was 90% when the solar radiation averaged 250 g. cal. 
per square centimeter per day, and 72$ when the radiation 
averaged 550 g. cal. Demnead and Shaw (11) presented results 
on évapotranspiration in relation to the development of the 
corn crop. They found that the corn crop in Iowa approaches 
the condition of a green crop actively growing and completely 
shading the ground for a period of only 2-3 weeks during its 
growing season. In this period the ratio of évapotranspira­
tion to open pan evaporation is 0.81. Before this period the 
ratio increased with increasing leaf area, and afterward de­
clined with declining physiological activity of the corn. 
Frltschen and Shaw (19), 1961, conducted experiments in Iowa 
to study the transpiration and évapotranspiration of corn as 
related to meteorological factors. Water use by corn was 
measured using a neutron meter. Soil moisture losses from 
plastic covered plots were called transpiration and soil 
moisture losses from natural plots were called evapotrans-
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piration. To obtain the value of transpiration for the 
natural plots, the transpiration measured in the plastic 
covered plots was adjusted using the ratio of energy Inter­
cepted by the plant canopies. It was found that the adjusted 
transpiration was 0.89 of évapotranspiration; without adjust­
ment it was 0.73 of évapotranspiration. In 1961 Holt and 
Doren (22) used gravimetric sampling to measure soil moisture. 
They showed that water requirements for corn were greatest in 
the period from tasseling to kernel formation. Water usage 
by corn dropped sharply after kernel formation. Available 
soil moisture and rate of water usage determined the depth 
to which plants extracted water. Gerber and Decker (20), 
1961, conducted experiments in Missouri to study the évapo­
transpiration and heat budget of a corn field. Using a neu­
tron moisture meter to measure soil moisture In the corn 
field, they concluded that Penman's method was not applicable 
to a corn field in which the soil surface was dry. When the 
surface was dry the amount of heat transferred to the atmos­
phere is underestimated; consequently, the évapotranspiration 
is overestimated. 
Net Radiation Measurement 
Few experiments have been designed to study the net 
radiation distribution and the interception of net radiation 
by corn and other plants. Tanner et al. (40) measured the 
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net radiation energy available for evaporation of water from 
soil under corn. Aubertin and Peters (l) conducted an ex­
periment similar to that reported here. The major difference 
between these two experiments was the instrument used In 
measuring the net radiation interception and its exposure. 
In their studies, "Suoml economical net radiometers11 were 
used to evaluate net radiation. 
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MATERIALS AND METHODS 
Experimental Site 
Location and soil type 
The experiments conducted in 1960 and 1961 were located 
at the Beech Avenue experimental plots, Ames, Iowa. Most of 
the Beech Avenue experimental plots area was cropped to corn; 
extensive areas of corn were located in all directions from 
the plots, except to the west where the land was slightly 
elevated and pastured. The experimental plots were highest 
on the west side, gradually leveling to the east with a slope 
of less than 1%. 
The soil on the experimental site is a Colo clay loam, a 
minimal humlc gley formed from alluvial sediments. The sur­
face 9-12 inches is a dark grayish-brown to nearly black clay 
loam with a well developed medium to coarse granular struc­
ture . Below a depth of about 55 inches, the soil is sandy 
and yellowish brown in color. The water holding capacity 
totals about 7.5 to 9 -inches of available water in the upper 
5 feet of soil (2). 
Management and crop development 
One hundred and fifty pounds per acre of 5-20-10 ferti­
lizer were plowed under before planting in both 1960 and 1961. 
The area was planted to AES 704 hybrid corn on May 12 in 1960 
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and on May 17 in 1961. Simazine 80 was sprayed on the area 
immediately after planting to aid in weed control. Weeds were 
further controlled by hand weeding throughout the growing 
season. Six hundred pounds per acre of ammonium nitrate were 
applied by side dressing at about 4 weeks after planting in 
both years. Due to the dryness of the surface soil after the 
application of fertilizer in 1961, an inch of sprinkler irri­
gation water was applied to all plots to bring the fertilizer 
into a soluble form and to make it available to the corn 
plants. 
The corn was 75$ emerged on May 20, 1960 and on May 28, 
1961. First silking occurred on July 19, 1960 and July 22, 
1961, and reached 75$ silking on July 28, 1960 and July 29, 
1961 respectively. The plots were harvested on October 10, 
1960 and October 12, 1961. Ninety-six plants were harvested 
in the center portion of each plot in the single rate of 
planting, and 192 plants from each plot in the double rate of 
planting. If there was a missing plant, plants adjacent to 
the missing plant were omitted, and an equal area was har­
vested In each plot from adjacent rows. 
Experimental Design 
The design of the 1960 experiment was a randomized com­
plete block with 12 treatments in factorial arrangement. 
There were four replications. The experimental area was 
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250 feet (E-W) and 200 feet (N-S). Each plot was 28 feet 
square which gave a block size of 84 feet by 112 feet. There 
was a 6-foot alleyway between blocks. Borders to the east 
and the west were 10 feet wide, while north and south borders 
were 13 feet wide. The entire experimental area and borders 
was planted to corn (see Fig. l). 
In 1961 the experimental site and Individual plot size 
were essentially the same as in 1960 (see Fig. 2) but the 
design was a split plot with eight treatments. There were 
also four replications. The experimental area was reduced to 
136 feet (E-W) and 231 feet (N-S) because of fewer treatments 
in the experiment. Between main plots and between two blocks 
there was a 3-foot alleyway (see Fig. 2) and there also was 
a 2-foot walkway between each block to reduce traffic Inside 
the plots as much as possible. Borders around the plot were 
10 feet wide In all directions. 
Treatments 
The treatments in the 1960 experiment were plant popula­
tions, row spacings and row directions. Two plant populations 
were used in this experiment: 14,000 plants per acre which 
will be referred to as single planting, and 28,000 plants per 
acre which will be referred to as double planting. Row spac­
ing consisted of 21-lnch, 32-inch, and 42-inch rows. The 
plants in the 21-inch rows were 21 inches apart ; those in the 
1. Experimental design, 1960 
X Moisture measurement 
4 Radiation tower 
£ E-W oriented rows 
/y N-S oriented rows 
# 21-inch 14,000 plants/acre 
• 32-inch 14,000 plants/acre 
A 42-inch 14,000 plants/acre 
® 21-inch 28,000 plants/acre 
O 32-inch 28,000 plants/acre 
£ 42-inch 28,000 plants/acre 
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2. Experimental design, 1961 
O Natural plot 
SSSS Irrigated plot 
4 Radiation tower 
X Moisture measurement 
# 21-inch 14,000 plants/acre 
A 42-lnch 14,000 plants/acre 
® 21-inch 28,000 plants/acre 
$ 42-lnch 28,000 plants/acre 
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32-inch rows were 13.8 inches apart ; those in the 42-lnch 
rows were 10.5 inches apart. In the single planting there was 
one plant at these distances, In double planting there were 
two plants. Rows ran in either a north-south or east-west 
direction. For the 21-inch rows there was no E-W or N-S 
orientations. In 1961, the treatment of plant population 
remained unchanged, at 14,000 and 28,000 plants per acre. 
Treatments of row spacing and row directions were modified by 
omission of the 32-inch row spacing and the N-S row direction. 
Both of these treatments tested statistically non-significant 
with respect to other spacings and row directions in I960. 
An additional treatment added to the 1961 experiment was 
rainfall plus irrigation vs. natural rainfall only. Irri­
gated and natural plots were treated as main plots, with other 
treatments being subplots in the split plot design. 
Factors Measured 
Soil moisture 
In I960, soil moisture content was maintained at a high 
level on all treatments with supplemental irrigation. The 
plots in all treatments were irrigated by sprinkler irriga­
tion. Soil moisture content to a depth of five feet was held 
above 60# available throughout the growing season. Irrigation 
water, totaling 5.6 inches, was added.on July 7, July 25, and 
August 4. In 1961 the irrigated plots were maintained at a 
24 
high soil moisture level by flood type irrigation, while on 
the natural plots no water other than rainfall was added. 
Earth dams, 6 inches high, were constructed around the edge 
of the irrigated plots to hold the water. Irrigation was 
applied only on August 12 to the irrigated plot. 
Soil moisture content was measured with a neutron meter 
manufactured by Nuclear Chicago consisting of: a portable 
scaler, Model 2800 and a depth moisture probe, Model P-19. 
This unit was modified with an electrical timer as described 
by Fritschen (18). The original mechanical timer supplied 
with the neutron meter gave a variation of + 12-cycle counts 
from the set counting time. For a -30-second count the + 
12-cycle counts deviation was equal to + 1/5 second. Because 
of this variation in counting time, the difficulty in setting 
the counting time, and the experimental precision needed, an 
electrical timer was constructed to control the counting time 
and the variation of counting. It was constructed by attach­
ing two plexiglass cams to a 1 rpm synchronous electric motor 
so that the cams would activate three micro-switches. Two 
of the micro-switches were connected to the counting cycle, 
and the other micro-switch was connected to a warning signal. 
One plexiglass cam was cut so that the counting time of the 
neutron meter was 48.45 seconds, and the non-counting time 
of the neutron meter was consequently 11.55 seconds. The 
other plexiglass cam was cut to activate a warning buzzer 
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5 seconds before the end of the counting cycle and again 5 
seconds before the start of the next counting cycle. Since 
the timer was left running continuously during the period of 
operation of the neutron meter, and non-counting or reading 
time and zeroing time was only 11.5 seconds, the warming buzzer 
seemed necessary to prevent missing a reading and resulted in 
shortening the operation time of the neutron meter. 
Soil moisture content was measured in eight treatments 
in two replications in 1960. These were the 21-inch single 
planting, the 21-inch double planting, the 32-inch E-W 
single planting, the 32-inch E-W double planting, the 42-
lnch E-W single planting, the 42-inch E-W double planting, 
the 42-inch N-S single planting and the 42-inch N-S double 
planting. In 1961, soil moisture content was also measured 
in eight treatments in two replications. The treatments 
were irrigated and natural plots, the 21-inch single plant­
ing, the 21-inch double planting, the 42-inch single plant­
ing and the 42-lnch double planting. Soil moisture deter­
minations were made at three positions in each plot. For 
the 32-inch and 42-lnch rows it was measured in the row, a 
quarter of the distance between rows, and midway between the 
rows. For the 21-lnch rows, the positions were in the center 
of the diagonals between four corn plants, one half the dis­
tance from the center of diagonal to the corn plant, and 
one half way between two corn plants in a row. The distances 
between each position were about 5 feet apart, so that an 
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access pipe would not interfere with any other pipes. The 
pipes used for neutron meter moisture measurement were 2-inch 
diameter electrical conduit 5 feet long. These were driven 
Into the soil with the upper end about 4 inches above the soil 
surface to allow for positioning the neutron probe. 
Field capacity values used in the calculation of water 
use were based on Benoit1s (2) report in 1960 and were deter­
mined by neutron meter measurements in each plot in 1961. 
Benoit (2) summarized in his report that the field capacity 
for Colo clay loam was from 35# to 38#. The detailed pro­
cedure for the determination of field capacity with the 
neutron meter may be obtained from Burrows (7). The infil­
tration rate of the Colo clay loam soil was about 1.3 inches 
per hour. Approximately 20 hours are required for the soil 
to attain its field capacity in the upper depths after the 
addition of 2-6 inches of water, reported further by Benoit 
( 2 ) .  
Soil moisture content was determined at 9-inch Intervals 
to a depth of about 5 feet. The period of soil moisture 
measurement in 1960 was from May 31 to September 20. Due to 
the trouble with the neutron meter, soil moisture measure­
ments were not started until July 1 in 1961 and ended on 
September 26. Whenever possible, and weather permitted, 
measurements were made on soil moisture every other day. 
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Net radiation 
Net radiation was measured 1 meter above the crop surface 
and 6 inches above the soil surface in six treatments in I960. 
These were the 21-lnch single planting, the 21-lnch double 
planting, the 32-inch E-W double planting, the 42-inch E-W 
single planting, the 42-inch E-W double planting and the 
42-lnch N-S double planting. In order to measure the net 
radiation 1 meter above the crop surface, triangular towers 
were constructed from electrical conduit on which the radio­
meters could be mounted. The towers were 6 feet wide on each 
side and about 14 feet high (see Fig. 3). Eight miniature 
net radiometers of the type described by Frltschen (17) were 
used to measure net radiation In each treatment. Three net 
radiometers were located at 1 meter above the crop surface 
(see Fig. 3) and five were located 6 inches above the soil 
surface (see Fig. 4) by mounting them on either the conduit 
tower or on small rods Inserted into the soil. They were 
frequently leveled with a small hand level to insure their 
exposure in a horizontal position. The net radiometers at 
each position were connected in series to a Brown strip chart 
potentiometer to give an Integrated measurement of the net 
radiation at each location. Readings were taken at each 
location every 20 minutes. The switch mechanism consisted 
of a rotary switch and a stepping switch. The stepping switch 
was a 20 step switch with each bank of contacts consisting of 
Fig. 3. Triangular electrical conduit tower on which 
three radiometers were mounted at 1 meter above 
the crop surface 
Fig. 4. Exposure of radiometers mounted 6 inches above the 
soil surface 
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eight points, giving 160 contact points in all (see Fig. 5). 
The rotary switch was four pairs of micro-switches with a main 
micro-switch and a synchronous electric motor. It was con­
structed by placing the four pairs of micro-switches in a 
circle, so that each pair of the micro-switches (positive 
side of the net radiometer and the negative side of the net 
radiometer) could be activated at the same time by the rotary 
plexiglass cam which was attached to a 1 rpm synchronous elec­
tric motor. The plexiglass rotary cam was cut so that each 
of the four pairs of micro-switches could be activated for 
approximately 15 seconds. The rotary switch was connected 
with one terminal to the Brown strip-chart potentiometer and 
the other to the banks of the stepping switch. Another 
plexiglass cam, driven by the same motor, was designed so 
that it would activate the main micro-switch which in turn 
activated the stepping switch so that the bank of contacts 
was shifted at 1 minute intervals (see Fig. 5). The contacts 
of the micro-switch were gold plated to maintain good contact 
for the low voltages obtained. 
The net radiometers were connected to the recorder through 
multi-strand extension cables, one extension cable being used 
in each plot. A flexible conduit shielding was used to pre­
vent accidental damage to the cables. The plot end of the 
flexible conduit was connected to a 6 x6-inch aluminum junc­
tion box. Female Elco varicons were attached to an insulat-
Fig. 5. Switch mechanism to record net radiation 
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lng panel which was placed inside of the junction box. The 
junction box was sealed with electric tape to keep out mois­
ture . The male pins of the varicons were individually 
soldered to the leads of the net radiometer. This method of 
wiring was used so that any net radiometer could be connected, 
removed, or tested for malfunction independently of the 
others. This method of wiring was used previously by 
Fritschen (18). 
Difficulties were encountered due to the permeability of 
the window used In the radiometer to water vapor. After 
showers, droplets of water which accumulated on the outside 
of the window moved to the inner side when It was exposed to 
sunshine. To alleviate this, small holes were punched in the 
bottom three layers of the window to allow the water to eva­
porate . To aid in reducing water leakage, rubber gaskets 
were placed between the brace rings. The net radiation 
measurements in 1961 were taken using the same technique as 
in 1960. Only four treatments were measured because of the 
omission of the 32-inch row spacings and the N-S orientation. 
An improved type miniature net radiometer was used (17). The 
hemispherical polyflex windows of the net radiometers were 
tested for their spectral transmission using a spectrometer. 
Generally good transmission through the window was obtained. 
About 89 per cent of the short wave length radiation from 
•3 to 5 was transmitted. Two high but narrow interception 
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bands were also obtained in this region. One of the inter­
ception bands was near 2.5// and reduced the transmission to 
50#; the other Interception band occurred near 3.5/* and re­
duced the transmission to less than 20#. The transmission in 
the long wave region was quite variable. Generally about 50# 
of the wave lengths from 5-7// were transmitted and about 30# 
were transmitted from 7-11/J. Transmission Increased to about 
60'# from 11-13//, with almost none intercepted in the region 
from 13-15y/ (see Fig. 6). 
The difficulties of the permeability of the plastic win­
dow of the net radiometer to water vapor was only partially 
solved with the Improved type net radiometer. Dew sometimes 
formed on the upper window of the radiometer located above the 
crop. After sunrise a vapor pressure difference created be­
tween the air within the net radiometer and that outside re­
sulted in the dew droplets moving into the inner surface of 
the radiometer. By afternoon this had generally disappeared 
through the window as the vapor pressure gradient was removed. 
This phenomenon was very seldom found on the net radiometer 
located at 6 inches above the soil surface. 
In order to have correct net radiation readings, net 
radiometers with water drops inside and with no water drops 
were compared with a Beckman and Whitley net radiometer. 
The correction factor developed from this comparison was 
applied to the observations of those radiometers that were 
Fig. 6. Transmission curve 
Transmission curve of the radiometer window which was made 
from polyflex. The upper graph Includes two curves; the 
lower curve is the base line and the upper one is the trans­
mission curve which is for the wave lengths from approximately 
.3ju to 2.6>/. The printed figure on the ordinate, in the 
upper graph, should be ignored. The lower graph is the 
transmission curve from 2.5// to 15.0.//. 
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observed with water drops inside. 
Other meteorological factors 
A weather station was located about 100 yards east from 
the experimental site. Factors measured were maximum and 
minimum air temperatures and relative humidity in a standard 
instrument shelter. Rainfall was measured with a standard 
8-inch rain gauge and a weighing type self recording rain 
gauge located side by side to obtain both intensity and dura­
tion of precipitation. Pan evaporation was also measured using 
a micrometer hookgage in a U. S. Weather Bureau Class A eva­
poration pan. Wind was measured with a standard three-cup 
anemometer located 1 meter above the crop surface. No wind 
measurements were taken in 1961. 
Root Samples 
Root samples were taken by excavating soil on both sides 
of a selected corn plant, so that a pit about 3 feet deep 
with an area about 4.5 feet x 3.5 feet resulted. The pits 
were dug, on opposite sides of the corn plant, about 2-3 
inches away. Between these two pits was the root sample 
which was 4-6 inches thick, 3 feet deep and 4 feet wide. Two 
5/8 Inch plywood boards were used to hold the root sample. 
On one of the boards, small holes at 1 Inch Intervals were 
drilled at the top central portion of the board where the corn 
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roots were concentrated. On the remaining portion, holes 2 
inches apart were drilled so that 3-inch nails could be driven 
into the sample through the board. These nails were driven 
to hold the roots to their original pattern while washing. 
These plywood boards were bolted together with 6- or 8-inch 
bolts at the four corners and at the central top and central 
bottom of the boards to retain the undisturbed root sample. 
This sample was then brought Into the laboratory and washed 
slowly with water to remove most of the soil. 
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EXPERIMENTAL RESULTS AND DISCUSSION 
Radiation within a corn crop can be quite variable with 
numerous factors affecting the pattern of radiation intercep­
tion. Plant population and row spacing are two of the more 
important factors. However, row orientation, growth differ­
ences between varieties and within the seasons and latitude 
can not be neglected. The presentation here will cover two 
phases, the data and results obtained in the experimental 
field plots and generalizations as to the effect of several 
of the above factors on radiation patterns under conditions 
not measured In the experiment. 
Net Radiation 
The part of incident radiation that is not reflected or 
re-radiated back to the atmosphere is net radiation. It is 
the difference between the Incoming and outgoing radiation, 
considering both short and long wave radiation, and hence 
represents the energy available in the plant cover for évapo­
transpiration, heating and photosynthesis for plant use. 
Net radiation distribution 
Due to the water vapor transmission characteristics of 
the radiometer window In 1960, the radiometers on a day imme­
diately following a rain were not believed to give reliable 
data. Only selected days were used to study the radiation 
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interception. The daily net radiation distribution for 
1 meter above the crop surface and 6 inches above the soil 
surface for July 17, 1960, a typical clear day, are shown in 
Figs. 7 and 8. For single planting (14,000 plants per acre) 
the 21-inch equal spacing had the lowest net radiation meas­
ured above the crop surface and the 42-inch, E-W rows, had the 
highest. The difference at the soil surface was small, but 
the 21-inch spacing showed the lowest net energy exchange. 
With a population of 28,000 plants the 21-inch spacing showed 
a considerably smaller radiation exchange at the soil surface, 
with little difference measured above the crop. 
Weekly, monthly and seasonal averages of net radiation 
were computed and plotted into charts for the more extensive 
1961 data. However net radiation data for the two years 
were highly consistent for the different treatments, both In 
the diurnal and the seasonal distribution. Only selected 
curves are included in this dissertation. 
The daily total net radiation 1 meter above the crop 
surface increased with time and reached its maximum around 
July 9, In 1961. It then decreased gradually to a low amount 
by the end of the period. Maximum net radiation occurred at 
about 12 o'clock noon with no noticeable change of the peak 
with the change of the season. The peak of net radiation was 
as high as 55 gm.cal. cm.~^hr.during the noon hour at the 
beginning of the period. Peak net radiation was 
Fig. 7. Diurnal pattern of net radiation on July 17, 1960 
with population of 14,000 plants/acre 
Top three curves are net radiation 1 meter above crop; 
lower three curves are net radiation 6 inches above soil 
surface. 
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Fig. 8. Diurnal pattern of net radiation on July 17, 1960 
with population of 28,000 plants/acre 
Top curves are net radiation 1 meter above crop; lower curves 
are net radiation 6 Inches above soil surface 
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45 gm.cal. cm.~^hr .~'L toward the end of the season. The reduc­
tion of net radiation toward the end of the season was partly 
due to the southward migration of the sun and partly due to 
the cloudy and rainy weather occurring toward the end of the 
season. 
At night the net radiation is small compared to the day­
time radiation. There was little difference between treat­
ments at night with the net radiation being in the neighbor-
p 1 hood of -2.0 gm.cal.cm. hr.~ at 1 meter above the crop sur-
p 1 
face and about -1.0 gm.cal.cm. hr.~ at 6 inches above the 
soil surface. 
Net radiation at 1 meter above crop surface 
Net radiation at 1 meter above the crop surface was gen­
erally higher on the 42-inch row spacing than on the 21-inch 
row spacing and was higher on single plantings than on double 
plantings. The ratio of the 21-inch double planting to other 
spaclngs was 1:1.04 with the 21-inch single planting; 1:1.17 
with the 42-inch single planting and 1:1.07 with the 42-lnch 
double planting in 1961. The same trend was also found the 
previous year. The cause of this is believed to be due to a 
difference In the albedo of a crop surface and a moist soil 
surface. Budyko (6) gives reflectivities of short wave radi­
ation for a moist black soil of 11 per cent and from land In 
cotton plants of 20-25 per cent. Since more of the soil was 
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exposed with the wider corn row spacing it would be absorbing 
more of the radiation than the plants which covered the same 
area on the closer spacings. The differences in net radiation 
at 1 meter above the crop surface were high at the beginning 
of the season and leveled off toward the end of the period. 
It is difficult to explain why the range of differences be­
tween treatments was high at the beginning of the season. It 
may have been due to the uneven growth of corn plants during 
the early season. The narrow range of the differences between 
treatments toward the end of the period was probably because 
the total net radiation was reduced considerably by that time. 
For the season, both in 1960 and in 1961 the net radiation 
1 meter above the crop surface followed the same relationships 
as were shown in the daily distribution for July 17, 1960 
(Figs. 7 and 8) and weekly diurnal average distribution (Figs. 
9, 10, 11) for 1961. Net radiation above the crop surface was 
least on the 21-inch spacing and the most in the 42-inch rows 
with the less net radiation in the double planting than in the 
single planting. 
Net radiation at 6 Inches above soil surface 
Net radiation at 6 inches above the soil surface was 
higher on the 42-inch row than the 21-inch row and was higher 
on single plantings than on double plantings. Net radiation 
was high on all treatments during the early season, decreased 
Fig. 9. Seven days average diurnal pattern of net radiation 
July 2-8, 1961 for different treatments 
Top four curves are net radiation 1 meter above crop ; lower 
four curves are net radiation 6 inches above soil surface 
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Fig. 10. Seven days average diurnal pattern of net radiation 
August 19-25, 1961 for different treatments 
Top four curves are net radiation 1 meter above crop; lower 
four curves are net radiation 6 inches above soil surface 
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Fig. 11. Seven days average diurnal pattern of net radiation 
September 25-30, 1961 for different treatments 
Top four curves are net radiation 1 meter above crop; lower 
four curves are net radiation 6 Inches above soil surface 
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rapidly with time until the silking stage was reached and 
remained steady throughout the rest of the season. Higher 
net radiation at the soil surface during the early season was 
due to the small height of the corn plants during this period. 
• - After silking, corn was fully developed and exerted the 
greatest shading effect. 
Value of the ratio Rn(G) to Rn(T) 
For selected days in 1960 the value of the ratio of the 
net radiation 6 inches above the soil surface to the net radi­
ation measured 1 meter above the crop surface were computed. 
These data are shown in Fig. 12. The lower the value of the 
ratio, the higher the retention of net radiation by the corn 
plants and the less that reached the ground surface. The 
lines connecting these points should not be considered as 
representing the true pattern between these dates, but do 
help show the trend of the net radiation interception. Aver­
age values of the ratio for 1961 were also computed on a 
weekly basis (Fig. 13). Since the 1961 data were much more 
complete than 1960 and weekly averages could be used, Fig. 13 
shows a much smoother relationship. Generally speaking, both 
1960 and 1961 data show that double planting resulted in a 
lower value of the ratio than for single planting. This is 
because the higher population gave a greater leaf area, which 
allowed less Incident energy to reach the soil. With the same 
Fig. 12. Ratio of net radiation measured 6 inches above soil 
surface R%(G) to net radiation measured 1 meter 
above the crop Rn(T) , 1960 
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Fig. 13. Seven days average ratio of net radiation measured 
6 inches above soil surface Rn(G) to net radiation 
measured 1 meter above the crop Rn(T) , 1961 
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population, the closer the row spacing the lower the ratio 
averaged, although on individual days there was some variation 
in this. Fig. 13 shows the ratio high in the beginning of 
the season and leveling off after silking. This coincides 
with the maximum interception of net radiation during this 
time. At the beginning of the season the average ratio of 
net radiation 6 inches above the soil surface to the net radi­
ation at 1 meter above the crop surface should be near unity 
because during the early season corn is very small and gives 
little shading of the ground. The values of Rn(G) and 
Rn(T) would be the same and the ratio would thus be one• 
As the season progressed, size and leaf area of the corn 
plants increased and the average value of the ratio of Rn(G) / 
Rn(T) decreased until the silking stage. Corn ceased its 
vegetative growth at this time and the ratio of Rn( G) / 
Rn(T) remained constant. The reason for the abrupt change 
during the end of the season was not clear, but was probably 
due to a period of rainy weather and maturation of the corn 
crop. 
The average diurnal pattern of the ratios of Rn(G) to 
Rn(T) are shown in Fig. 14. Maximum values of the ratio 
occurred during the early morning hours at 5-6 a.m. and in 
the late afternoon at about 5-6 p.m. During this time the 
sun was due east or west and the east-west corn row allowed 
considerable radiation to reach the ground, resulting in a 
Fig. 14. Average diurnal pattern of the ratio of net radiation 
measured 6 inches above soil surface Rn( G-) to net 
radiation measured 1 meter above the crop Rn(T) , 1961 
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high ratio. During the night, radiation at 1 meter above the 
crop surface and the radiation at the soil surface would be 
at very low values, and the small difference between them 
resulted In a high ratio. Fig. 14 also Indicates that the 
42-inch row had a higher ratio than the 21-inch row and the 
single plantings had a higher ratio than the double plantings. 
Row Direction and Radiation Distribution 
Differently oriented corn rows may have different radi­
ation interception. An east to west oriented corn row would, 
in general, receive more radiation at the ground surface dur­
ing the early morning and the late afternoon hours than a 
north to south corn row. On the other hand, at certain lati­
tudes, a north to south oriented corn row would receive more 
radiation at the ground surface during the noon hours. These 
differences in radiation interception may cause some effect 
on corn growth and water use and need to be investigated. 
The shading effect at any place within a corn row direc­
tion will depend upon the solar altitude, azimuth angle, 
growth differences between varieties, plant populations and 
plant spacing. Solar altitude and azimuth angle vary with 
the latitude. Table 1 shows this difference. As the latitude 
changes the area shaded from solar radiation also changes. 
In order to obtain equations for approximate comparison 
of radiation interception between different row directions at 
Table 1. Sun's azimuth and altitude at different times of the day and at different 
latitudes for July 25 
Sun1 s 
azimuth 
( D) 
20° N 
30°N 
42°N 
50° N 
Sun' s 
altitude 
( > 
20° N 
30°N 
42°N 
50° N 
Sun' s 
azimuth 
( J 
20° N 
30°N 
42°N 
50° N 
Sun1 s 
altitude 
20° N 
30°N 
42°K 
50°N 
Time of day 
6:00 6:50 7:00 7:30 8:00 8:30 9:00 9:30 10:00 10:30 11:00 11:30 12:00 
Over 
73 75 77 78 80 82 84 86 87 88 89 89 head 
74 78 82 84 87 90 93 98 105 110 122 142 180 
77 82 87 90 94 100 106 112 122 132 145 160 180 
78 85 88 90 102 108 114 123 152 142 154 170 180 
7 15 20 27 34 41 47 54 62 67 75 83 90 
9 17 22 30 33 40 47 53 61 67 73 78 81 
12 17 25 30 33 40 45 51 56 60 64 66 68 
14 18 24 28 35 38 45 46 51 54 56 59 60 
Time of day 
12:50 15:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30 17:00 17:50 18: OC 
271 271 272 273 274 276 278 280 282 283 285 287 
218 238 250 255 262 263 270 275 276 278 282 286 
200 215 228 238 248 254 260 266 270 273 278 283 
190 206 218 228 257 246 252 258 . 270 272 275 282 
83 75 67 62 54 47 41 34 27 20 13 7 
78 73 67 61 53 47 40 35 30 22 17 9 
66 64 60 56 51 45 40 33 30 25 17 12 
59 56 54 51 46 43 38 33 28 24 18 14 
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different latitudes, certain assumptions and generalizations 
must be made. 
Equations for approximate comparison 
on shading effect 
In order to obtain a rough comparison of the shading 
effect of 42-inch row spacing for different row directions, 
the shaded area was computed assuming the corn row as a solid 
thin wall. In actuality, a corn row is a wide wall with 
scattered perforations, but the assumption of a solid wall is 
partially compensated for by the assumption of a thin wall. 
Certain of these computed values were checked against observed 
net radiation data at Ames. For 42-inch row spacing in an E-W 
oriented row, the calculated value for a typical day was 119.1 
gm.cal.cm.~^day~^ and the measured value 6 inches above the 
— P — 1 
soil surface was 115.6 gm.cal.cm." day" • In general, compar­
isons would not be expected to be this good, but it indicates 
this procedure can be used for comparative purposes. 
Three equations were used to compute the area shaded by 
different row orientations. The first equation (see Fig. 15a) 
used was: 
A = k_x_S - Ë ( 1) 
tan (3 2tan<* tan^a 
where A = shaded area in per cent area shaded 
H = corn height in inches 
L = length of the corn row in Inches 
64 
y3 = sun1s altitude In degrees 
c* = sun's azimuth In degrees from north 
This equation Is valid only when y3 Is greater than tan""1 
When (b is smaller than tan"1 the entire area between corn 
rows will be shaded by the corn plants, and the sun's rays 
that penetrate to the soil surface will be determined by the 
sun's azimuth. Under this circumstance, the equation would 
Involve only ®< and equation 2 would be applied (see Fig. 15b). 
A = L x D
- S t ê r  o  
where D = width of the corn row or row spacing in inches. 
For the above equation must be greater than tan"1 jr. If 
Is smaller than tan"1 ^ equation 3 (see Fig. 15c) is used. 
A = (L2 x tan4*) (3) 
The per cent unshaded area under 42-inch row spacings for 
M-S and E-W row directions was calculated for latitudes 20°N, 
30°N, 42°N (Ames latitude) and 50°N for July 25. Solar azi­
muths and solar altitudes were taken from the Smithsonian 
Meteorological Tables (30). Five hundred feet was used as the 
row length to represent a long row typical of farm conditions. 
This row length also avoids the edge effect on radiation inter­
ception. The corn height was assumed to be 6 feet. Total corn 
height at the Beech Avenue experimental plots averaged about 
7 feet when measured from ground surface to the base of the 
Fig. 15. Schematic diagram of an E-W corn row in relation to 
sun's altitude, azimuth angle and area shaded 
a. /Ô > tan 1 and > tan 1 ^  equation 1 is used to 
calculate the shaded area "A" 
b. /5 < tan 1 and > tan 1 5. equation 2 is used to 
calculate the shaded area "A" 
c. /3 < tan 1 ^ — and <=< < tan 1 equation 3 is used 
to calculate the shaded area "A" 
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first leaf, but since the top leaf of corn gave relatively 
little shading, because of its small size, the effective height 
of corn was assumed as 6 feet. 
Comparison of shaded area on row directions 
Table 1 shows that the solar altitude is the highest at 
20°N, and the azimuth angle at this latitude varied from 73° 
in the early morning to directly overhead at noon and from 
directly overhead to 287° in the afternoon. Fig. 16 and Table 
rc show that the difference of shaded area between E-W and N-S 
is small. The reason for this small difference is that when 
is smaller than tan-1 • ^ c a n  n e v e r  b e  s m a l l e r  t h a n  l tan 6< 
tan-1 5.. This means that the sun's rays are not parallel to a 
corn row, because as the sun approaches this position It is 
directly or almost directly overhead. 
If the corn row is oriented 80°-260° or 100°-280° (see 
Fig. 16), the sun's rays will be parallel to the corn row when 
the axlmuth is at 80° in the morning or 280° in the afternoon. 
This causes maxima to occur during the morning when the row is 
oriented 80°-260° and the afternoon when the row is oriented 
100°-280° as shown in Fig. 16. 
As we move northward to 30°N latitude, the situation 
changes somewhat. The solar azimuth varies from 74° in the 
morning, gradually changes with time to 180° at noon and to 
286° by 6 p.m. (see Table 1). Table 2 shows the per cent un­
shaded area for the N-S and E-W row spacing at this latitude. 
Fig. 16. Calculated unshaded area for 42-inch row spacing, 
E-W, N-S, 80°-260 and 100°-280° row directions at 
latitude 20 N on July 25 
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Table 2. Calculated unshaded area for 42-inch E-W and N-S row spacings at different 
latitudes for July 25 
% area Time of day 
unshaded 6: 00 6:30 7:00 7:30 8:00 8:30 9: 00 9:30 10:00 10:30 11:00 11:30 12:00 
E-W 
20uN 1 1 2 2 2 2 3 5 14 33 58 80 100 
30°N 1 2 3 3 7 100 7 3 2 28 48 64 73 
42°N 2 3 7 100 5 2 1 1 1 1 17 24 31 
50° N 2 4 10 100 2 1 1 1 0 0 0 0 0 
N-S 
2Ô°N 0 0 0 0 0 0 0 0 9 27 54 79 100 
30°N 1 0 0 0 0 0 0 0 0 27 48 64 100 
42°N 0 • 17 24 100 
50°N 0 0 0 0 0 0 0 0 0 0 1 2 100 
80°-260° 
(20°N) 3 4 7 10 100 10 5 3 13 30 56 80 100 
100°-280° 
(20°N) 1 1 1 1 1 1 1 1 13 29 55 80 100 
Time of day 
12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30 17:00 17:30 18:00 
E-W 
2Ô^N 80 58 33 14 5 3 2 2 2 2 1 1 
30°N 64 48 28 2 3 7 100 7 3 3 2 1 
42°N 24 17 1 1 1 1 2 5 100 7 3 2 
50° N 0 0 0 0 1 1 1 2 100 10 4 2 
N-S 
20° N 79 54 27 9 0 0 0 0 0 0 0 0 
30°N 64 48 27 0 0 0 0 0 0 0 0 0 
42°N 24 17 0 0 0 0 0 0 0 0 0 0 
50° N 2 1 0 0 0 0 0 0 0 0 0 0 
80°-260° 
(20° N) 80 55 29 13 1 1 1 1 1 1 1 1 
100°-280° 
( 20 N ) 80 56 30 13 3 5 10 100 10 7 4 3 
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Fig. 17 shows the E-W row spacing has a larger unshaded area 
than the N-S row spacing. Fig. 17 also shows that the curve 
for the E-W corn row has three maxima. The maxima which occur 
at 8-9 a.m. and at 15-16 p.m. coincides with the time when the 
sun's azimuth is due east or west. The maximum which occurs 
at 12 noon is due to the sun being at its highest altitude. 
At the latitude of Ames, the solar azimuth angle varies 
from 77° at 6 a.m. to 180° at noon and then to 283° at 6 p.m. 
The highest solar altitude is 68° (see Table 1). Fig. 18 
shows the per cent of unshaded area of both the N-S and E-W 
corn row spacings. The per cent of unshaded area is converted 
to the energy reaching the soil surface in gm.cal.cm.~^day~^ 
based on data of Waite and Shaw (41). Their curve of net 
radiation for July 20, 1960 was used in the conversion. The 
5 days difference between the date used in the calculation of 
the per cent area shaded, and the date used for conversion 
would result In only small differences for clear days. The 
calculated value of energy reaching the ground surface for 
the E-W and N-S oriented rows are 60.4 and 59.5 gm.cal.cm.-^ 
day"1 respectively. The difference between these two values 
Is negligible. The differences between the E-W and N-S row 
direction can be seen in Figs. 19-24 from photographs taken 
in 1960. 
At latitude 50°N, the solar azimuth varies from 78° at 
6 a.m. to 180° at noon and to 282° at 6 p.m. The maximum 
Table 3. Calculated energy reaching the ground for 42-Inch E-W and N-S row epaclnga 
at 42°N on July 25 (gm.cal.cm.-2day-l) 
Energy 
reaching 
the Time of day 
ground 
o
 
o
 
to 
1 6:30 7:00 7:30 8:00 8:30 9:00 9:30 10:00 10:30 
o
 
o
 
H
 
H
 11:30 12:00 
E-W 0 0 .1 4.8 .4 .4 • 2 .2 .3 1.4 5.1 7.4 9.4 
N-S 0 0 0 0 0 0 0 0 0 1.4 5.1 7.4 3.5 
Time of day 
12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30 17:00 17:30 18:00 Total 
E-W 7.5 5.2 1.4 .3 .2 .2 .4 .5 14.4 .3 .1 .2 60.4 
N-S 7.5 5.2 1.4 0 0 0 0 0 0 0 0 0 59.5 
Fig. 17. Calculated unshaded area for 42-inch row spacing, 
E-W and N-S row directions at latitude 30 N on July 25 
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Fig. 18. Calculated unshaded area for 42-inch row spacing, 
E-W and N-S row directions at latitude 42°N on July 25 
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Pig. 19. The distribution of the shaded and unshaded areas 
for 42-inch E-W single planting rows at 8 a.m. 
(white area is the unshaded area) 
Fig. 20. The distribution of the shaded and unshaded areas 
for 42-inch E-W single planting rows at 12 noon 
(white area is the unshaded area) 
Fig. 21• The distribution of the shaded and unshaded areas 
for 42-inch E-W single planting rows at 4 p.m. 
(white area is the unshaded area) 
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Fig. 22. The distribution of shaded and unshaded areas 
for 42-inch, N-S, single planting rows at 8 a.m. 
(white area is the unshaded area) 
Fig. 23. The distribution of shaded and unshaded areas 
for 42-inch, N-S, single planting rows at 12 noon 
(white area is the unshaded area) 
Fig. 24. The distribution of shaded and unshaded areas 
for 42-lnch, N-S, single planting rows at 4 p.m. 
(white area is the unshaded area) 
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solar altitude is 60° which is smaller than tan"1 L tan<* ' 
Fig. 25 shows two maxima for the curve for E-W rows and only 
one maximum for the N-S rows. No maximum was evident at noon 
for the E-W row direction because the sun1s altitude was not 
high enough for the rays to reach the ground. During the noon 
period the ground in rows running north and south is exposed 
to the sun's rays. Although no attempt was made to convert 
unshaded area in per cent to an energy basis for this lati­
tude, it would appear that the N-S oriented row would have 
more total energy reaching the ground because of the high 
solar intensity at noon. 
It should be noted that in Figs. 16, 17, 18 and 25 the 
maximum unshaded areas occur In the morning and In the after­
noon for E-W oriented rows and at noon for N-S oriented rows 
are all 100 per cent. These maximum unshaded areas are 
exaggerated, because of the assumption that the corn row is a 
thin solid wall which has no width. However, It is believed 
the data are useful for comparative purposes. 
For the 21-inch spacing the equations can not be used 
because with a 21-inch uniform spacing the row can no longer 
be considered as a solid wall. With equidistant spacing there 
Is no row orientation. 
Fig. 25. Calculated unshaded area for 42-inch row spacing, 
E-W and N-S row directions at latitude 50°N on July 25 
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Water Use 
Water use from different spaclngs 
Early water use for all treatments was about the same 
because transpiration was small and water use was mainly by 
evaporation from the soil surface (Figs. 26, 27). The effects 
of different populations and spaclngs were negligible during 
the early stages. As time progressed, the rate of water use 
for all treatments increased, then as the crop matured de­
creased to small amounts toward the end of the measurement 
period. The rate of water use followed the weather conditions 
closely. On cloudy and calm days, evaporation and évapotrans­
piration were small compared to that on hot, dry, windy days. 
Differences of water use between treatments were observed, 
especially when the 21-lnch single planting was compared with 
other treatments. Double plantings used more water than 
single plantings for the same spaclngs. For instance, in 1960, 
total water use for the period of measurement for the 21-inch 
single planting was 13.2 inches and for the 21-inch double 
planting It was 15.0 inches (Table 4). The differences were not 
as large as expected. In 1961, the water use was similar to 
that in 1960 (Figs. 28, 29). The 21-inch row spacing used less 
water than the 42-lnch row spacing and double plantings used 
more water than single plantings. Total water use for the 
21-inch single planting for the period of measurement was 
11.2 inches; for the 21-inch double planting the 
Fig. 26. Cumulative water use with population of 14,000 
plants per acre, May 31-Sept. 20, 1960 
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Fig. 27. Cumulative water use with population 28,000 plants 
per acre, May 31-Sept. 20, 1960 
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Fig. 28. Cumulative water use with population of 14,000 
plants per acre, July 6-Sept. 18, 1961 
90 
14 
V) 
UJ 
5 '0 
UJ 
V) 
3 
tr UJ 
1 
UJ 
> 
< 
3 5 
5 
D 
O 
21- IRR. 
o 21- NON-IRR. 
o 42-IRR. 
A 42- NON-IRR. 
POP: 14,000 PLANTS/ACRE 
J I I 
10 JULY AUGUST SEPT 
Fig. 29. Cumulative water use with population of 28,000 
plants per acre, July 6-Sept. 18, 1961 
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Table 4. Water use (inches) by corn for the period May 31-
Sept. 30, 1960 
Snacings 
2i na 32" 42" 
Populations Eq. E-W N-S E-W N-S 
14,000 13.2 15.5 16.1 15.3 
28,000 15.0 16.6 17.4 16.8 
a21-inch spacing no E-W and N-S direction. 
water use was 12.5 inches. For the 42-inch single planting 
water use was 13.6 inches and water use for the 42-inch double 
planting was 14.0 inches (Table 5). The higher total water 
use for 1960 compared with that in 1961 was largely due to a 
longer period of soil moisture measurement in 1960. 
Table 5. Water use (inches) by corn for the period July 7-
Sept. 18, 1961 
Spaclngs 
21 H 42 it 
Populations Irrigated Natural Irrigated Natural 
14,000 11.2 10.5 13.6 12.7 
28,000 12.5 12.0 14.0 13.0 
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The differences in water use between treatments were 
mainly due to differences in the total net radiation on the 
different treatments. Wider spaclngs generally were asso­
ciated with higher net radiation at 1 meter above the crop 
surface. This higher net radiation would result in higher 
évapotranspiration and evaporation, and would tend to give 
higher use for the 42-inch row spaclngs. Furthermore, wider 
spaclngs allowed more Incident radiation to reach the ground 
surface and Increased the evaporation from the soil surface 
compared to that in the narrower spaclngs. Due to the shading 
effect, weed growth was checked to a considerably greater 
extent in the 21-inch spaclngs than in the other spaclngs. 
Weed competition for water from the surface soil might also 
intensify the surface dryness in wider spaclngs. Wider 
spaclngs may also have allowed greater turbulent wind flow to 
carry the moist air near the ground away, and thus increase 
the gradient of vapor pressure. 
Duncan1s multiple range test for water use In 1960, 
Table 6, showed that the water use for 42-inch E-W double 
planting (17.4 Inches) was significantly more than other 
treatments. Water use for 42-inch N-S double planting, 
32-inch E-W double planting and 42-Inch- E-W single planting 
were significantly higher than the 21-inch single, 21-lnch 
double planting, 42-lnch N-S single planting and 32-inch E-W 
single planting. The 32-inch E-W double planting, 42-lnch 
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Table 6. Multiple range test for water use in I960* 
21-S 21-D 42N-S 32E-S 42E-S 32E-D 42N-D 42E-D 
13.2 15.0 15.3 15.5 16.1 16.6 16.8 17.4 
aAny two means not underscored by the same line are sig­
nificantly different. Any two means underscored by the same 
line are not significantly different. 
E-W single planting, 32-inch E-W single planting and 42-inch 
N-S single planting used significantly more water than the 
21-inch double planting and the 21-inch single planting. 
The 21-inch single planting used significantly less water than 
all other treatments. 
An analysis of variance of water use in 1961 (Table 7) 
showed that water use between spaclngs and between populations 
were both highly significant. The 21-inch spacing used con­
siderably less water than the 42-lnch row spacing and the 
double planting used significantly more water than the single 
planting. The interaction between spaclngs and populations 
was significant at the 5 per cent level. This means that the 
water use Increase from the 21-inch to the 42-inch spacing for 
single planting was higher than from the 21-inch double to the 
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Table 7. Analysis of variance of water use, July 7-Sept. 18, 
1961 
Sources of variation D.F. M.S. F 
Main plots 
Blocks 1 .3364 
Irrigations 1 2.1801 54.50 
Error (a) 1 .0400 
> plots 
Treatments 3 5.5958 22.44** 
Between spacinga 1 10.8241 43.42** 
Between populations 1 3.8025 15.25** 
Sp. x pop.a 1 2.1609 8.67* 
Irr. x trt. 3 .0304 
Irr. x sp. 1 .0064 .0257 
Irr. x pop. 1 .0064 .0257 
Irr. x pop. x sp. 1 .0784 .0345 
Error (b) 6 .2493 
••Significant at 1% level. 
•Significant at level. 
aSp. = spacing; pop. = population; irr. = irrigation; 
trt. = treatment. 
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42-inch double planting. 
Effect of Irrigation on water use 
Although the total water use from the irrigated plot was 
little different than the non-irrigated, as a result of only 
one irrigation application, soil moisture measurements indi­
cated higher use for a short period after irrigation. Table 8 
Table 8. Water use by corn (inches per day) as an average of 
three days after irrigation from August 15-18 
14.000 plants/acre 28.000 plants/acre 
Spacings Irrigated Natural Irrigated Natural 
21" .24 .13 .27 .16 
42" .34 .17 .39 .17 
shows the daily rate of water use by corn from August 15-18, 
the three-day period immediately following irrigation. This 
was obtained by subtracting the available soil moisture on 
August 18 from field .capacity which was assumed to have been 
reached on the 15th when irrigation water was applied. There 
was a much higher rate of water use for the irrigated plots 
than the natural plots. It further indicated a higher rate of 
water use for the 42-inch spacings. This would be expected 
because of the higher rate of evaporation from the surface 
soil. 
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The high rate of water use for the Irrigated plot might be 
overestimated by the neutron meter measurement due to neutrons 
escaping from the surface soil and entering into the surrounding 
air, resulting In a lower count from the scaler. Subtracting 
this reading from the field capacity could give an overestimate 
of water use during this period. 
Water use from different sampling 
points and different depths 
Moisture use from a corn field can vary with different 
sampling locations. After water has been added, water use 
would be expected to be higher near the plant than at a dis­
tance from the plant. After a period without rain, use could 
be higher some distance from the plant where more water is 
available. In our experiment soil moisture was maintained at 
a high level throughout the season and this affect could not 
be evaluated. Areas exposed to the direct sun's rays would 
have higher evaporation. The evaporation rate would decrease 
as the surface soil became dry. Figs. 30-33 show the average 
daily water use for different treatments and different samp­
ling locations within treatments. There was no consistent pat­
tern in the 21-inch row spacing. This is not surprising con­
sidering that the sampling positions were all close to a 
plant — 7 1/2, 10 1/2 or 15 Inches distant. However, total 
water use for 21-inch double planting from the 15-inch posi­
tion was less than for the 10 l/2-inch position, but in the 
single planting the water use at 7 1/2-inches was less than for 
10 1/2 inches. Generally, water use in the 42-inch row was 
Average daily évapotranspiration rate for different 
sampling points for 21-inch single planting 
(14,000 plants/acre), July 6-Sept. 18, 1961 
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Fig. 31. Average dally évapotranspiration rate for different 
sampling points for 21-lnoh double planting 
(28,000 plants/acre), July 6-Sept. 18, 1961 
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highest from the locations in the corn row where the corn roots 
were concentrated. The least water use occurred from the pipes 
the furthest distance from the corn plants. With the wider row 
spacing and a moist surface, evaporation was a larger compo­
nent of the total water loss than for narrower spacings. 
Water use was also calculated for each depth at the dif­
ferent sampling points. The total water use in 1961 for each 
9-inch increment for the different sampling locations is shown 
in Figs. 34 and 35 as an average for 21-inch and 42-inch spac­
ings . The lines connecting the points do not necessarily rep­
resent the water use pattern for the different depths, but only 
connect the data points to indicate the trend in water use. 
It can be seen from Figs. 34 and 35 that the rate of water 
loss decreased rapidly with depth for all positions. At 5 
feet, water use was the same for all positions and for all 
treatments. It should be remembered these data represent soil 
moisture losses under ample soil moisture conditions. 
In order to test for differences between"total water loss 
at the different sampling points, for the average difference 
between depths and for the difference between sampling posi­
tions for each depth, a statistical analysis was made. The 
soil moisture data measured In the field were in indefinite 
time intervals, the interval depending upon weather condi­
tions. For convenience in the analysis, the periods for which 
the soil moisture data were recorded were called blocks, the 
sampling points were considered as the treatments (main plot) 
and the depths considered as the subplots. A split plot 
Fig. 34. Total water use from different sampling points at 
different depths .for 21-lnoh row spacing, July 7-
Sept. 18, 1961 1 
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Fig. 35. Total water use from different sampling points at 
different depths for 42-lnch row spacing, July 7-
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design was used in this case to analyze the data. Tables 9 and 
10 show the analysis of variance for the 21-lnch and the 42-
inch spacings. In both cases the sampling points within 
treatments tested significantly different at the 5% level, 
and the average difference between depths of all sampling 
positions was highly significant. A multiple range test was 
also calculated in order to show in detail the differences 
between sampling points, between depths and depths within 
Table 9. Analysis of variance for water use at different 
sampling points and depths within the 21-lnch 
spacing, July 7-Sept. 18, 1961 
Source of variation D.F. M.S. F 
Block (date) 
Points 
Error (a) 
Depth 
D x B 
T x D 
Error (b) 
18 .03300 
2 .00660 5.64* 
36 .00117 
5 .38280 69.85** 
90 .00548 
10 .00435 
180 .00116 
II I
P
 
.0032 
II Jp 
.0174 
SDBP " .0078 
•Significant at b% level. 
••Significant at 1% level. 
113 
Table 10. Analysis of variance for water use at different 
sampling points and depths within the 42-lnch 
spacing, July 7-Sept. 18, 1961 
Source of variation D.F. M.S. F 
Blocks (date) 16 
Points 2 .01898 5.8^ 
Error (a) 32 .00323 
Depths 5 .55316 47.89^ 
D x B 80 .01155 
P x D 10 .00224 
Error (b) 160 •00171 
H .0057 
SBD = .0253 
SBDP = .0100 
•Significant at 5$ level. 
••Significant at I/o level. 
positions. The standard error of the mean for sampling posi­
tions used in these comparisons was obtained from the analysis 
of variance. Table lia shows that the differences between the 
three sampling positions were all significantly different 
for the 21-inch spacing. The position half of the distance 
from the center of the diagonal to the corn plant lost less 
water than the other positions. For the 42-lnch spacing, 
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Table 11. Multiple range test for the 21-lnch spacing a 
a. Between sampling points 
Point 1 Point 2 
.5736 .6470 
Point 3 
. 6573 
45-54 
.0415 
b. Average difference between depths 
36-45 27-36 18-27 9-18 
.0439 .0674 .0909 .1227 
0-9 
.2596 
c. Between depths at different sampling points 
Depth 
0-9 
9—18 
Point 1 
.2288 
Point 2 
.2615 
Point 3 
• 2885 
.1232 .1142 .1307 
18-27 .0862 .0799 .0772 
27-36 .0507 .0739 .0777 
36-45 .0423 .0520 .0421 
45-54 .0445 .0379 .0422 
aAny two means not underscored by the same line are sig­
nificantly different. Any two means underscored by the same 
line are not significantly different. 
kpoint 1 - one-half the distance from the center of 
diagonal to the corn plant; Point 2 - one-half way between two 
corn plants; Point 3 - center of the diagonal between four 
corn plants. 
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Table 12a also shows that the differences between the three 
sampling positions were all significantly different. The posi­
tion in the row used significantly more water than the other 
positions. The comparison between different depths (average of 
the three positions) for the 21-lnch spacing (Table lib) showed 
the water use in the surface 9 inches was significantly higher 
than all other depths. There was no difference from the 9-18 
to the 27-36 inch depths. Water loss below 36 Inches was sig­
nificantly less than for the shallower depths. For the 42-
inch spacing (Table 12) the distribution of water use with 
depth showed the same trend as for the 21-inch spacing. The 
surface soil lost more water than deeper depths. From 9-27 
inches there was no difference in water use. Water use from 
the deeper depths was giniflcantly less than from the shallow­
er depths. Comparisons were also made between different 
sampling positions with depth for the 21-lnch and the 42-inch 
spacings. Table lie shows that the differences between dif­
ferent sampling positions were due to differences in the sur­
face 9 inches of soil. No differences were significant below 
this depth. The same results were found for the 42-inch spac­
ing (Table 12c). 
Estimation of maximum evaporation 
from net radiation data 
The amount of energy available at the ground surface is 
the primary factor in determining surface evaporation, if 
water is available. The net radiation measurements taken at 
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Table 12. Multiple range test for the 42-lnch spacing9 
a. Between sampling points13 
Point- 1 Point 2 Point 3 
.7136 .7830 .8767 
b. Average difference between depths 
45-54 36-4 5 27-36 18-27 9-18 0-9 
.0452 .0432 .0828 .1200 .1851 .3148 
c. 
Depth 
0-9 
Between depths 
Point 1 
.2954 
at different sampling points 
Point 2 
.2991 
Point i 
.3499 
9-18 .1789 .1774 .1990 
18-27 .1149 .1138 .1312 
27-36 .0640 .0926 .0911 
36-45 .0296 .0535 .0466 
45-54 .0302 .0466 • 0588 
aAny two means not underscored by the same line are sig­
nificantly different. Any two means underscored by the same 
line are not significantly different. 
bpolnt 3. - position in the corn row; Point 2 - a quarter 
of the distance between rows ; Point 1 - midway between the 
rows. 
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6 inches above the soil surface provide an estimate >f this. 
In Table 13, these data are presented in terms of tl. jlr water 
equivalent. Table 13 indicates the 21-inch single planting 
could evaporate up to 3 Inches of water, the 21-lnch double 
Table 13. Estimated inches of water loss by evaporation for 
the period July 2-Sept. 30, 1961, assuming net 
radiation at ground all used for evaporation 
Spacings 
21" 42" 
Single planting 3.0 4.2 
Double planting 2.0 2.8 
planting 2 inches of water, the 42-inch single planting 4.2 
inches of water and the 42-lnch double planting 2.8 inches 
of water. Table 13 also indicates an average difference on 
evaporation of about 1 inch between the spacing and population 
treatments. The differences between treatments in 1960 were 
larger, but radiation data were not available to make this 
comparison. 
Efficiency of water use 
Table 14 shows the efficiency of water use for different, 
treatments in 1960 and 1961. In 1960, the efficiency of water 
use ranged from 10.2 bushels per inch of évapotranspiration on 
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* 
Table 14. Efficiency of water use for different treatments 
in 1960 and 1961 
S* 
21-lnch spacing 
D3" 
Efficiency of 
water use, 1960 
(bu./lnch water 
per acre) 
Efficiency of 
water use, 1961 
(bu./inch water 
per acre) 
Efficiency of 
water use, 1960 
(bu./lnch water 
per acre) 
Efficiency of 
water use, 1961 
(bu./lnch water 
per acre) 
Eq.a Eq « 
Non- Non-
Irr. irr. Irr. Irr. 
-
10.0 10.2 — — 
12.1 12.4 11.2 11.6 
3 2-inch spacing 
S D 
E-W N-S E-W N--S 
Non- Non- Non- Non-
Irr. irr. Irr. irr. Irr. irr. Irr. irr. 
8 . 0  8.9 
42-lnch spacing 
Efficiency of 
water use, 1960 
(bu./lnch water 
per acre) 7.4 
Efficiency of 
water use, 1961 
(bu./lnch water 
per acre) 10.3 10.7 
S D 
E-W N-S E-W N-S 
Non- Non- Non- Non-
Irr. irr. Irr. irr. Irr. Irr. Irr. irr. 
8.1 8.3 
10.8 10.9 
8.5 
aS - single planting; D - double planting; Eq. - equal 
distance spacing. 
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on the 21-inch spacing with double planting to only 7.4 
bushels per Inch with the single planting on a 42-inch row 
spacing with rows running E-W. More corn was grown and less 
évapotranspiration occurred with double planting using a 
21-inch row spacing than with single'planting using a 42-inch 
row spacing. 
In 1961, for a different length period, the efficiency 
of water use had approximately the same trend as in 1960. 
It ranged from 12.4 bushels per Inch of évapotranspiration 
on the 21-lnch spacing with single planting and no Irrigation 
to 10.3 bushels per inch with single planting on a 42-lnch 
row spacing and irrigated. In both years the highest effi­
ciency occurred in the 21-lnch row spacing. In 1960 it was 
in the double planting, in 1961 in the single planting. The 
cause of this difference between 1960 and 1961 was not clear. 
Corn Growth 
Aerial growth 
Corn height and leaf area were measured shortly after 
the silking stage. Fifteen plants per plot were selected at 
random from two blocks for measurement. 
Leaf area The leaf area measurements for the two 
years were not entirely consistent (Table 15). Generally the 
single planting had higher leaf area per plant. In 1960 the 
32-inch spacing had the largest leaf area, in 1961 it was the 
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Table 15. Corn leaf area (square feet per plant) 
21-lnch 32-inch 42-lnch 
Eq.* E-W N-S E-W N-S 
S» Da S D S D S  D S D  
1960 9.8 9.4 10.2 — 9.4 9.2 8.5 8.6 9.2 8.0 
1961 10.8 10.2 10.6 10.0 —— —— 
aEq. - equal distance spacing; S - single planting; D -
double planting. 
21-inch spacing. Leaf area varied from 8.0 to 10.8 square 
feet per plant. 
Corn height Corn height, from the ground surface to 
the base of the top, was measured at the same time that leaf 
area was measured. There was little difference in height 
between the different treatments. The double planting aver­
aged 3.3 inches taller than the single planting. 
Yield 
The yield per acre for all treatments in 1960 and in 1961 
are summarized in Table 16. Analysis of variance of the final 
yields for 1960 (Table 17) showed that both spacings and popu­
lations were highly significant. The 21-lnch spacing yielded 
significantly more than the 32-inch and 42-lnch row spacing, 
but there was no significant difference between the 32-inch 
and 42-inch rows. There was no significant difference between 
E-W and n-S rows. The highest yield obtained was 153 bushels 
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Table 16. Corn yield for all treatments In 1960 and 1961 
Grain yields 
(bu./acre) 
1960 
1961 
Dry matter 
(gm./plant) 
1960 
1961 
Grain yields 
(bu./acre) 
1960 
1961 
Dry matter 
(gm./plant) 
1960 
1961 
Grain yields 
(bu./acre) 
1960 
1961 
Dry m^.ter 
(gm./plant) 
1960 
1961 
Sa 
Eq ,a 
21-inch spacing 
Da 
Irr. 
132 
136 
Non-
irr. 
130 
Eq 
Irr. 
153 
154 
Non-
irr. 
149 
198 
187 172 
120 
119 122 
32-inch spacing; 
S D 
E-W N--S E-W K--S 
Irr. 
Non-
irr. Irr. 
Non-
irr. Irr 
Non-
irr. Irr. 
Kon-
irr. 
122 123 — —  148 149 — — 
177 198 —  —  118 112 — — 
42-inch spacing 
S D 
E-W N--S E-W N--S 
Irr. 
Non-
irr. Irr. 
Non-
irr. Irr. 
Non-
Irr. Irr. 
Non-
lrr. 
120 
129 128 
124 
— — 
146 
142 140 
143 
. 
145 
176 107 
144 — — 94 
150 88 
102 
aS - single planting; D - double planting; Eq. - equal 
distance spacing. 
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Table 17. Analysis of variance of corn yield, 1960 
Source of variance D. F. M.S. F 
Block 3 299.62 
Treatments 11 6831.85 439.59** 
Spacings 2 397.04 25.55** 
21" vs 32" x 42" 1 738.15 47.50** 
32" vs 42" 1 55.94 3.60 
Directions 1 2.91 .19 
Populations 1 6431.30 413.85** 
Sp. x Dir.* 2 1.91 .12 
Sp. x Pop. 2 29.53 1.90 
Dir. x Pop. 1 16.77 1.08 
Sp. x Dir. x Pop. 2 13.77 .89 
Error 33 15.54 
**Signlfleant at 1% level. 
^Significant at §% level. 
aSp. - spacings; Dir. - directions; Pop. - populations. 
per acre with 28,000 plants per acre and a row spacing of 
21 inches. The lowest yield of 120 bushels per acre was 
obtained with 14,000 plants per acre and an E-W row spacing 
of 42 inches. In 1961 (Table 18) both spacings and popula­
tions were highly significant. The difference between irri­
gation and no irrigation was significant at only the 5 per 
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Table 18. Analysis of variance of corn yield, 1961 
Source of variation D.F. M.S. F 
Main plot 
Blocks 3 44-18 
Irrigations 1 258.78 14.40* 
Error (a) 3 17.97 
Sub plot 
Treatments 3 889.64 29.50** 
Between spacings 1 320.04 10.50** 
Between populations 1 2329.03 76.40** 
Sp. x Pop.a 1 19.80 .65 
Irr. x Trt. 3 29.88 .98 
Irr. x Sp. 1 30.03 .98 
Irr. x Pop. 1 1.28 .04 
Irr. x Pop. x Sp. 1 58.32 1.90 
Error (b) 18 30.50 
•Significant at 5% level. 
••Significant at 1% level. 
aSp. - spacing; Pop. - population; Irr. - Irrigation; 
Trt. - treatment. 
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cent level. The 21-inch spacing yield was significantly more 
than for the 42-inch rows and the double planting yield was 
significantly more than for single planting. The highest 
yield obtained was 154 bushels per acre with 28,000 plants 
per acre on the 21-inch irrigated plot. The lowest yield was 
obtained with 14,000 plants per acre on the 42-inch natural 
plot. The higher yield on the 21-inch spacing was probably 
due to more evenly distributed leaves, which will intercept 
more radiant energy. This was shown in Figs. 12 and 13 where 
the ratio of Rn(G) to Rn(T) for both 1960 and 1961 was less 
for the 21-inch row than other spacings. 
Dry matter production in grams/plant is shown in Table 
16. Generally, plants that had a higher grain yield produc­
tion also had a higher dry matter production. Single planting 
usually yielded more grain per plant than double planting, 
but because of fewer plants had a lower total yield. The 
21-lnch row spacing generally had higher dry matter per plant 
than the 42-inch row. 
Root development 
Many factors affect root development, with available 
soil moisture probably being one of the most important fac­
tors • Root samples were taken in early September on the 
different treatments in 1960 to compare the root development 
in the different treatments. At this late stage, it was 
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difficult to tell how the root system had developed, but there 
was evidence of a more fibrous root system on the closer 
spaced plantings. A very dense mat of fibrous roots was 
present near the soil surface in the 21-inch row spacing. 
With the 42-inch row spacing the main roots were thickened, 
with less branching and a smaller accumulation of roots was 
present at the surface. In 1961, root samples were taken at 
three different times, July 11, August 10 and September 9. 
From these samples (see Figs. 36 and 37) it appeared that the 
21-inch spacing had a more fibrous root system with a very 
dense mat of fibrous roots being present near the soil surface, 
early in the season. The 42-inch spacing had thicker roots 
with a less fibrous appearance. The second root samples 
showed less evidence of these characteristics than in the 
early samples. The last samples did not show any significant 
differences between treatments; the 21-inch Irrigated, the 
21-inch natural, the 42-inch irrigated and the 42-inch natural 
plots all appeared about the same. Root samples were also 
taken on July 19, 1962 and showed somewhat the same charac­
teristics as the early samples of 1961 (see Figs. 48 and 49) 
but the differences were less pronounced. 
Root sampling was not extensive enough to make any defi­
nite conclusions. Further sampling and measurement of the 
microenvironment are needed. However, it could be postulated 
that the apparently more fibrous root system with the 21-lnch 
Fig. 36. Root sample from 21-inch row spacing, 14,000 plants 
per acre, July 11, 1961 
Fig. 37. Root sample from 42-inch row spacing, 14,000 plants 
per acre, July 11, 1961 
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Fig. 38- Root sample from 21-inch row spacing, 14,000 plants 
per acre, July 19, 1962 
Fig. 39. Root sample from 21-inch row spacing, 14,000 plants 
per acre, July 19, 1962 
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fyi't. 
4-2-5 , 
JUL. ,9. & 
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spacing was due to the 21-lnch spacing having lower radiation 
at the ground, which resulted in less evaporation and a wetter 
and cooler surface soil than the other spacings. This wetness 
would tend to keep the root zone shallow and might produce a 
more fibrous system. 
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SUMMARY AND CONCLUSIONS 
Experiments were conducted at Ames, Iowa In 1960 and 1961 
to measure radiation Interception and water use by corn plants 
under different plant populations and planting patterns. From 
these measurements and the analysis of final yields informa­
tion on the possibilities of increasing yield and increasing 
the efficiency of water use were obtained. 
In 1960, the design of the experiment was a randomized 
complete block with 12 treatments in factorial arrangement. 
The treatments were two populations: 14,000 plants per acre 
and 28,000 plants per acre; three row spacings: 21-inch, 
32-inch and 42-inch rows; and two row directions: E-W and 
N-S. In 1961, the design was a split plot with eight treat­
ments. The treatments were modified by adding irrigated and 
non-irrigated plots to the experiment and omitting the 32-lnch 
spacing and the N-S row directions. 
In 1960, a high soil moisture content was maintained on 
all treatments by supplemental irrigation. In 1961 the irri­
gated plots were maintained at a high soil moisture level by 
flood type irrigation, while on the natural plots no water, 
other than rainfall, was added. Soil moisture was measured 
using a neutron meter. 
Net radiation was measured 1 meter above the crop surface 
and 6 Inches above the soil surface in six treatments In 1.960 
and in four treatments in 1961. 
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Net radiation at 1 meter above the crop surface was gen­
erally higher on 42-inch rows than 21-inch rows and was higher 
on single plantings than on double plantings. This was be­
lieved due to a difference in the albedo of a crop surface 
and a moist soil surface. The difference in net radiation at 
1 meter above the crop surface between treatments was high at 
the beginning of the season and gradually decreased as the 
season progressed. 
Net radiation at 6 inches above the soil surface was 
higher on the 42-inch rows than the 21-lnch rows and was 
higher on single plantings than on double plantings. Net 
radiation was high on all treatments during the early season 
at 6 inches above the soil surface, decreased rapidly with 
time until the silking stage was reached and then remained 
steady throughout the rest of the season. 
The average ratio of Rn(&) to Rn(T) for double plantings 
was generally lower than for single plantings. With the same 
population, the closer the row spacing the lower the ratio• 
At the beginning of the season the ratio of Rn(G) to Rn(T) 
was near unity because of very small crop cover. As the 
season progressed, size and leaf area of the corn plant in­
creased and the average value of Rn(G) to Rn(T) decreased 
until the silking stage. The ratio then remained constant. 
Maximum value of the Rn(G) to Rn(T) occurred during the early 
morning at 5-6 a.m. and the late afternoon at about 5-6 p.m. 
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when radiation was at a very low level. 
In order to obtain a rough comparison of the shading 
effect of the 42-inch row spacing for different row direc­
tions, the shaded area was computed assuming the corn row as 
a solid thin wall. Three equations were used to compute the 
area shaded by different row orientations. Those equations 
were : 
a = L x H H2 (lx 
tan/3 2tan<x tan/3 
where A = shaded area in per cent area shaded 
H = corn height in inches 
L = length of the corn row in feet 
(3 = sun's altitude in degrees 
°< = sun1 s azimuth In degrees from north. 
1 M This equation is valid only when ^3 is greater than tan- ^ 
and e< is greater than tan--1-
A  
-  
L  X  
=  -  
( 2 )  
where D = width of the corn row or row spacing in inches. 
This equation is valid only when /S is smaller than tan~^ 2 
and << la greater than tan--*- 5-. 
Li 
A = 1/2 (L2 x tan<x) (3) 
This equation is valid when the /3 le smaller than 
tan-^ _ H and Is smaller than tan-1 r-
L tan«K L 
Early water use for all treatments was about the same at 
the beginning of the period. Differences of water use between 
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treatments were observed as the season progressed, especially 
when the 21-lnch single planting was compared with other 
treatments. For the same spacing, double plantings used more 
water than single plantings. Narrower row spacings used less 
water than wider row spacings for both years. In 1960, 
Duncan's multiple range test showed that water use for the 
42-inch E-W double planting was significantly more than for 
other spacings. The 21-inch single planting used significantly 
less water than all other treatments. 
In 1961, an analysis of variance of water use showed that 
the difference between spacings and between populations was 
highly significant. The 21-inch spacing used considerably less 
water than the 42-inch row spacing and double plantings used 
significantly more water than single plantings. A higher rate 
of water use was measured for the irrigated plots for the 
period from August 15-18, 1961, immediately after irrigation. 
However, the total seasonal water use between these two treat­
ments did not differ significantly. Water loss from the 
sampling positions within treatments were significantly dif­
ferent for both the 21-lnch and 42-inch spacings. The aver­
age difference between depths for the 21-inch spacing showed 
water use in the surface 9 inches was significantly higher 
than all other depths and from 36-54 inches the water loss 
was significantly less than for the shallower depths. For the 
42-inch spacing, the distribution of water use within depths 
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was generally the same as for the 21-lnch spacing. The dif­
ference between different sampling positions for the 21-inch 
and the 42-inch spacings were attributed to the surface 9 
inches of soil. No significant difference was found below 
9 inches between positions with depth. 
The maximum evaporation estimated from net radiation data 
indicated the 21-inch single planting could evaporate up to 
3 inches of water, the 21-inch double planting 2 inches of 
water, the 42-inch single planting 4.2 inches of water and 
the 42-inch double planting 2.8 Inches of water. 
The efficiency of water use in 1960 was highest on the 
21-lnch double planting with 10.2 bushels per acre per inch of 
water and the lowest on the 42-inch single, E-W row with only 
7.4 bushels per acre per inch of water. In 1961, the 21-inch 
single planting natural plot had the highest efficiency with 
12.4 bushels per acre per Inch of water and the 42-inch single 
planting, irrigated plot was the lowest with 10.3 bushels per 
acre per inch of water. 
Generally the single planting had the highest leaf area 
per plant in both years. In 1960 the 32-inch spacing and in 
1961 the 21-lnch spacing had the largest leaf area. Corn 
height was little different between treatments. Corn yield 
In 1960 was significantly different for both spacings and 
populations. The 21-lnch spacing yielded significantly more 
than the 32-inch and 42-inch spacings. There was no signifi­
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cant difference between the 32-inch and the 42-inch spacings 
and no difference between E-W and N-S rows. In 1961, both 
spacings and populations were also highly significant. The 
difference between irrigation and non-irrigation was signifi­
cant at the 5 per cent level. Treatments having a higher 
grain yield production also had a higher dry matter produc­
tion. 
The root development in 1960, 1961 and 1962 generally 
showed that a very dense mat of fibrous roots developed near 
the soil surface in the 21-inch row spacing. With the 42-inch 
row spacing the main roots were thickened, with less branch­
ing, and a smaller accumulation of roots was present at the 
surface. Root sampling was not extensive enough to make any 
definite conclusions. Further sampling and measurement of 
the micro-environment are needed. 
1 
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